Golgi fragmentation occurs in neurons of patients with Alzheimer's disease (AD), but the underlying molecular mechanism causing the defects and the subsequent effects on disease development remain unknown. In this study, we examined the Golgi structure in APPswe/PS1ΔE9 transgenic mouse and tissue culture models. Our results show that accumulation of amyloid beta peptides (Aβ) leads to Golgi fragmentation. Further biochemistry and cell biology studies revealed that Golgi fragmentation in AD is caused by phosphorylation of Golgi structural proteins, such as GRASP65, which is induced by Aβ-triggered cyclin-dependent kinase-5 activation. Significantly, both inhibition of cyclin-dependent kinase-5 and expression of nonphosphorylatable GRASP65 mutants rescued the Golgi structure and reduced Aβ secretion by elevating α-cleavage of the amyloid precursor protein. Our study demonstrates a molecular mechanism for Golgi fragmentation and its effects on amyloid precursor protein trafficking and processing in AD, suggesting Golgi as a potential drug target for AD treatment.
Golgi fragmentation occurs in neurons of patients with Alzheimer's disease (AD), but the underlying molecular mechanism causing the defects and the subsequent effects on disease development remain unknown. In this study, we examined the Golgi structure in APPswe/PS1ΔE9 transgenic mouse and tissue culture models. Our results show that accumulation of amyloid beta peptides (Aβ) leads to Golgi fragmentation. Further biochemistry and cell biology studies revealed that Golgi fragmentation in AD is caused by phosphorylation of Golgi structural proteins, such as GRASP65, which is induced by Aβ-triggered cyclin-dependent kinase-5 activation. Significantly, both inhibition of cyclin-dependent kinase-5 and expression of nonphosphorylatable GRASP65 mutants rescued the Golgi structure and reduced Aβ secretion by elevating α-cleavage of the amyloid precursor protein. Our study demonstrates a molecular mechanism for Golgi fragmentation and its effects on amyloid precursor protein trafficking and processing in AD, suggesting Golgi as a potential drug target for AD treatment.
Golgi stacking | APP processing | GRASP55 | amyloidogenic A lzheimer's disease (AD) is characterized by the accumulation of neurofibrillary tangles and beta-amyloid plaques. Beta-amyloid plaques are formed by the accumulation of β-amyloid peptide (Aβ), a proteolytic product of the amyloid precursor protein (APP), by the secretases during APP trafficking in the exocytic and endocytic pathways. Trafficking, maturation, sorting, and processing of both APP and its cleaving enzymes require proper functioning of the Golgi apparatus (1) (2) (3) (4) .
The Golgi apparatus is also linked to the dynamic vesicular network implicated in AD pathogenesis; for example, both the "Swedish" mutant of APP and mutant presenilin 1 (PS1) exert their actions in the trans-Golgi network (TGN) for Aβ generation (5) . SORL1 acts as a retention factor for APP in the TGN and thus regulates APP trafficking (5) . Some reports have implicated the endosomes in this process, but endosomal function could be affected by altered Golgi-mediated trafficking under disease conditions (6, 7) . Furthermore, several recent reports have suggested that the amyloidogenic processing of APP, which produces Aβ, may occur in the Golgi and the late secretory pathway (2, 4) . These findings support the requirement for proper Golgi functioning for APP trafficking.
Significantly, Golgi fragmentation has been observed in neurons of AD patients (8) (9) (10) , but the molecular mechanism leading to Golgi fragmentation in AD remains elusive. Golgi membranes form a unique stacked structure. This structure is maintained by Golgi structural proteins (11, 12) , and Golgi fragmentation may be caused by a modification of these proteins, as has been suggested by Sun et al. (13) . In that study, the authors showed that cyclin-dependent kinase-5 (cdk5) is activated by the addition of synthetic Aβ peptides into the tissue culture medium, which subsequently phosphorylates GM130 and causes Golgi fragmentation. Whether other Golgi structural proteins are also phosphorylated and contribute to Golgi fragmentation in AD is unclear. More importantly, how Golgi fragmentation affects APP trafficking and Aβ production is unknown. Our previous studies found that Golgi fragmentation enhances vesicle budding from the Golgi membranes and accelerates protein trafficking (14, 15) . Thus, fragmentation of the Golgi observed in AD may accelerate APP trafficking and increase Aβ production. However, GM130 is a cis Golgi protein that functions in membrane tethering (16) , and a disruption of GM130 function has been shown to reduce membrane trafficking (17) . Thus, the relationship between Golgi fragmentation and APP trafficking remains poorly understood.
Golgi fragmentation may impair accurate protein sorting as well. For example, several studies have detected γ-secretase activity in the TGN, cell surface, early endosome, late endosome, lysosome, and extracellular vesicles after exosome release (1) (2) (3) (4) . The dispersion of γ-secretase activity in the cell may be due in part to the disruption of protein sorting caused by Golgi fragmentation. More importantly, Golgi fragmentation may affect accurate modification, trafficking, and activation not only of APP and its processing enzymes, but also of many other proteins critical for cellular functions. Thus, determining whether, and if so, how, Golgi defects contribute to AD pathogenesis is crucial.
In the present study, we examined the cause of Golgi fragmentation and its effects on Aβ production in AD using tissue culture and transgenic mouse models. Our results demonstrate that the Golgi is fragmented in mouse brain and tissue culture cells expressing APPswe/PS1ΔE9 and in hippocampal neurons treated with Aβ. Further experiments provide evidence that Golgi fragmentation results from Aβ accumulation, which causes activation of cdk5 and phosphorylation of Golgi structural proteins, such as GRASP65. Golgi fragmentation in AD in turn accelerates APP trafficking and enhances Aβ production. Significantly, the expression of nonphosphorylatable mutants of GRASP65 or its homolog GRASP55 rescues the Golgi structure and reduces Aβ40 and Aβ42 production. Thus, improving Golgi Significance In Alzheimer's disease (AD), formation of the Aβ aggregates occurs by the cleavage of the amyloid precursor protein (APP) during its trafficking inside the nerve cells. The Golgi apparatus plays a critical role in APP trafficking; fragmentation of the normally highly ordered Golgi structure occurs in nerve cells of AD patients. Here we report that Aβ accumulation triggers Golgi fragmentation by activating cyclin-dependent kinase-5 (cdk5), which phosphorylates Golgi structural proteins such as GRASP65. Rescue of Golgi structure by inhibiting cdk5 or by expressing nonphosphorylatable GRASP65 mutants reduced Aβ secretion. Our study provides a molecular mechanism for Golgi fragmentation and its effects on APP trafficking and processing, suggesting Golgi as a potential drug target for AD treatment.
structure may alleviate the production of Aβ and decelerate the disease progression. These results not only shed light on the pathogenesis of AD, but also help refine the molecular tools necessary to correct Golgi structural defects, reduce Aβ generation, and ultimately delay disease development.
Results
Golgi Is Fragmented in APPswe/PS1ΔE9 Transgenic Mice. To confirm Golgi fragmentation in AD (8), we performed a systematic analysis of Golgi morphology in brain sections of a transgenic mouse model of AD by microscopy. We first assessed the Golgi morphology in hippocampal tissues of 12-mo-old transgenic mice expressing both the APP Swedish mutation (KM 593/594 NL, APPswe) and the exon 9 deletion mutant of human PS1 (PS1ΔE9) (Jackson Laboratory; JAX stock no. 005864), a widely used AD transgenic mouse model (18) . Under fluorescence microscopy, the Golgi membranes (indicated by TGN38) in the APPswe/PS1ΔE9 mice were fragmented and scattered throughout the cell, in marked contrast to the highly ordered, pericentriolar, ribbon-like structure in WT mice ( Fig. 1 A and B) .
Under electron microscopy (EM), the Golgi in 12-mo-old APPswe/PS1ΔE9 mice was seen to be severely fragmented in hippocampal ( Fig. 1 C and D) and cortical ( Fig. 1 E and F) neurons in all (100%) cells analyzed in each tissue (50 cells from cortex, 48 cells from hippocampus), with swollen cisternae and disorganized stacks, In contrast, WT mice exhibited the typical, highly organized Golgi stacks in 67% of the cortex neurons (n = 30, with n the number of neurons analyzed) and 57% of the hippocampal neurons (n = 23) evaluated (Fig. 1) . The extent of Golgi fragmentation was relatively more severe in 15-mo-old APPswe/PS1ΔE9 mice, suggesting that Golgi defects develop over time. These results confirm that the Golgi in neurons in the AD transgenic mouse model is fragmented and likely functionally defective.
Expression of APPswe and PS1ΔE9 in Tissue Culture Cells Causes Golgi
Fragmentation. To determine whether the observed Golgi fragmentation is related to APP expression, we doubly transfected CHO cells with cDNAs encoding WT APP and PS1, APPswe and PS1ΔE9 mutants, or an empty GFP vector as a control. Expression of both WT and mutant APP and PS1, but not the control vector, caused Golgi fragmentation. Expression of the mutants had a more dramatic effect, with complete fragmentation of the entire Golgi ribbon (Fig. 2 A-D) . This result was confirmed in a CHO cell line stably expressing both APPswe and PS1ΔE9, designated as the AD cells in the present study. Using three distinct Golgi markers-GRASP65 (cis Golgi), GRASP55 (medial), and TNG38 (trans)-we found that approximately 70% of cells had fragmented Golgi (Fig. 2 H-K) , suggesting that the fragmentation extends throughout the Golgi stack. EM analysis revealed that the Golgi stack in APPswe/PS1ΔE9 (AD) cells had a more dilated structure, fewer cisternae per stack, shorter cisternae, and more vesicles surrounding each stack compared with WT cells (Fig. 2 L-N) , indicating unstacking and vesiculation of the Golgi membranes.
To test whether APP-induced Golgi fragmentation in AD cells is reversible, we inhibited APP expression by treating the cells briefly with cycloheximide (CHX). Because APP is a short-lived protein, the brief CHX treatment rapidly reduced APP levels, but it had no detectable effect on Golgi structural proteins, such as GRASP65, or on actin. CHX treatment effectively and reversibly suppressed Golgi disassembly (Fig. S1 ), supporting our hypothesis that APP expression causes Golgi defects and identifying the cause as reversible modifications (e.g., phosphorylation), rather than degradation of Golgi structural proteins.
Golgi Fragmentation in APPswe/PS1ΔE9 Cells Is Caused by Aβ Accumulation. To determine whether the Golgi fragmentation observed in this study is caused by either holo-APP or its processed fragments, we inhibited APP cleavage by secretase inhibitors. Treatment of cells with the β-site APP-cleaving enzyme inhibitor (BACEi) or the γ-secretase inhibitor N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester (DAPT) significantly reduced Golgi fragmentation in AD cells (Fig. 3 A-E) , whereas the α-secretase inhibitor TNF-α processing inhibitor (TAPI) had no effect on the Golgi structure (Fig. 3B) , indicating that Golgi fragmentation is caused by the downstream products of amyloidogenic γ-cleavage [P3, APP intracellular domain (AICD), and Aβ], but not the products of the nonamyloidogenic pathway (sAPPα, C83, AICD, and P3). Treatment with secretase inhibitors had no effect on Golgi morphology in WT cells (Fig. S2 A-D) .
The foregoing results suggest that an APP fragment generated by γ-cleavage, likely Aβ, triggers Golgi disassembly. This was confirmed by direct application of synthetic Aβ peptides to the cell culture medium of WT CHO cells. Aβ treatment induced Golgi fragmentation in WT CHO cells in a dose-dependent manner ( Fig. 3 F-I) , with approximately 60% of cells containing fragmented Golgi when exposed to as low as 50 nM Aβ peptides, a significantly greater percentage than seen in PBS-treated cells (18.3 ± 0.5%) (Fig. 3F) . Because 1 μM Aβ produced the strongest effect on Golgi morphology, we used this concentration in subsequent experiments.
Golgi fragmentation was also indicated by the increased number of Golgi elements per cell after Aβ treatment compared with controls, an alternative method of quantifying Golgi fragmentation (Fig. S3A) . EM results confirmed that Aβ treatment caused fragmentation of the Golgi ribbon, reduced the number and length of the cisternae in the stacks, and resulted in significant vesiculation of Golgi membranes in CHO cells treated with Aβ ( Fig. 3 J-L) . Similar effects were observed in normal rat kidney cells after Aβ treatment (Fig. S4 A-D) . Because Aβ secreted by AD cells accumulates in the medium, we tested whether removal of Aβ from the medium could reduce Golgi fragmentation, and found that replacing the overnight culture with fresh medium for 4 h significantly reduced Golgi fragmentation in AD cells (Fig. S4 E-H) . Consistently, treatment of WT CHO cells with AD cell-conditioned medium (from a 24-h shorter cisternae, and more vesicles. *P < 0.05; **P < 0.01; ***P < 0.001, Student t test. 
Aβ Treatment Causes Golgi Fragmentation in Hippocampal Neurons in
Culture. Because Aβ accumulates in the brain of AD mice, we evaluated whether Aβ is sufficient to cause Golgi fragmentation in neurons. We isolated hippocampal neurons from newborn mice (1 d old), cultured them on poly-L-lysine-coated coverslips for 4 d, and then added synthetic Aβ peptides to the neuronal culture medium. As shown in Fig. 3 M-P and Fig. S3B , Aβ treatment caused severe fragmentation of the Golgi in neurons in a dose-dependent manner, whereas untreated control neurons showed intact Golgi. This observation was further confirmed by EM showing that Aβ treatment caused fragmentation of the Golgi ribbon, reduced the number and length of the cisternae in the stacks, and resulted in significant vesiculation of Golgi membranes ( Fig. 3 Q-S) . These results suggest that Aβ accumulation in the brain induces Golgi fragmentation in the neurons.
Aβ-Induced Golgi Fragmentation Is Caused by cdk5 Activation. The next important question that we addressed is how Aβ peptide accumulation causes Golgi fragmentation in the cell. The stacked structure of the Golgi is maintained by Golgi structural proteins, and either mitotic phosphorylation or apoptotic cleavage of these proteins can cause Golgi fragmentation (11, 19) . Because Aβ-induced Golgi fragmentation is rapidly reversible (Fig. 3 and Fig.  S1 ), phosphorylation of one or more Golgi structural proteins is the likely underlying mechanism. Previous reports have demonstrated cdk5 activation in AD (13, 20) associated with tau hyperphosphorylation (21) and neurodegeneration (22) .
Significantly, activated cdk5 in AD also phosphorylates GM130 (13), a Golgi tethering protein that interacts with GRASP65. Thus, we investigated whether activation of cdk5 by Aβ accumulation could be the cause of Golgi fragmentation in different model systems, including AD cells and neuronal cultures from mice. As shown in Fig. 4 A-D, treatment of cells with staurosporine, a general kinase inhibitor, or roscovitine, a cdk-specific inhibitor, reduced Golgi fragmentation in AD cells. We observed similar effects of kinase inhibitors in WT CHO cells treated with either Aβ peptides (Fig. 4 E-H) or AD cell-conditioned medium (Fig. S4 I-Q) . Aβ−treated hippocampal neurons followed a similar rescue pattern by both staurosporine and roscovitine (Fig. 4 I-L) . In these experiments, we treated the cells with kinase inhibitors only briefly (up to 2 h), to avoid apoptosis. Of note, treatment of WT cells with same kinase inhibitors had no effect on Golgi morphology (Fig. S2 E-G) .
Because roscovitine is not specific for cdk5, we applied the cdk5-specific inhibitor peptide (CIP) to AD cells, as well as to Aβ-treated WT CHO cells and hippocampal neurons. CIP is a 126-aa peptide containing p35 , which blocks cdk5 interaction with its activator p25, thereby specifically inhibiting cdk5. The CIP is fused to an 11-aa HIV TAT sequence (TAT-CIP) for better temporal and dosage control when applied to cells (14) . TAT-GFP served as a control. Compared with TAT-GFP treatment, TAT-CIP treatment of AD cells significantly reduced the percentage of cells with Golgi fragmentation (Fig. 4 M-O) , as well as the number of Golgi elements per cell (Fig. S3C) . TAP-CIP treatment also rescued the Golgi structure in WT CHO cells ( Cdk5 activation is mediated by the cleavage of p35 to generate the cdk5 activator p25. It has been proposed that Aβ can trigger Ca 2+ influx (23) , which activates calpain, a Ca 2+ -dependent protease that cleaves p35 to produce p25 for cdk5 activation (24) . Western blot analysis revealed reduced p35 levels and increased p25 levels in hippocampal neurons treated with Aβ peptide and in AD mouse brain, with the relative p25/p35 ratio increased by more than twofold compared with controls (Fig.  5A ). Taken together, these results support the view that Aβ accumulation activates cdk5, which causes Golgi fragmentation in AD, as reported previously (13) . Thus, identifying the substrates of cdk5 on the Golgi membranes is important.
Aβ-Induced Golgi Fragmentation Is Caused by Phosphorylation of GRASP65 by Activated cdk5. Formation of the highly organized stacked Golgi structure is mediated by Golgi structural proteins (12) , including GRASP65 (25), GRASP55 (26), GM130 (16), golgin-160 (27) , and p115 (28) . Among these proteins, GRASP65 and GRASP55 play essential roles in Golgi structure formation, whereas the others are important for trafficking across the Golgi stack. GRASP65 forms oligomers that function as a protein "glue" to tether the cisternae into stacks (25, 29) and ribbons (30) . GRASP65 is the major target of mitotic kinases on the Golgi membranes. Phosphorylation of GRASP65 by the mitotic kinases such as cdk1 disassembles GRASP65 oligomers, causing the Golgi to disassemble in mitosis. Conversely, dephosphorylation of GRASP65 restacks cisternae (11, 31) .
To examine whether Aβ accumulation triggers GRASP65 phosphorylation, we expressed full-length GRASP65-GFP in AD cells, immunoprecipitated the protein, and then performed Western blot analysis using an antibody (LX108) that recognizes GRASP65 phosphorylated on T220/T224 (32) . The results show that GRASP65 was highly phosphorylated in AD cells (Fig. 5B) . Removing Aβ by changing the medium or adding roscovitine to the medium led to significantly reduced GRASP65 phosphorylation. GRASP65 phosphorylation in AD cells was confirmed by immunofluorescence microscopy using R3F2, an antibody that recognizes GRASP65 phosphorylated on S376 (32). R3F2 immunoreactivity was detected in cells only after Aβ accumulation, and was abolished in the presence of roscovitine (Fig. S5) .
To identify the specific role of cdk5 in GRASP65 phosphorylation on Aβ accumulation, we treated cells with Aβ42 (lane 2) and with a control peptide (lane 1) of similar length as Aβ42 in the presence or absence of kinase inhibitors and evaluated GRASP65 phosphorylation as described in Fig. 5B . As shown in To provide evidence that activated cdk5 directly phosphorylates GRASP65, we transfected SH-SY5Y cells with cdk5 alone or with its activator p25, immunoprecipitated these cells with cdk5, and then incubated them with purified recombinant GRASP65 (25) . After incubation, we evaluated GRASP65 phosphorylation by Western blot analysis using the phosphospecific antibody LX108 (32) . As shown in Fig. 5D , strong phosphorylation of GRASP65 required both cdk5 and p25 (lanes 4 and 5) and was significantly reduced by roscovitine (lane 6) and TAT-CIP (lanes 7 and 8). Consistent with these results, expression of both cdk5 and p25 caused severe Golgi fragmentation in SH-SY5Y cells. This effect was dependent on p25; expression of cdk5 alone had little, if any, effect on Golgi morphology. TAT-CIP treatment also rescued Golgi morphology in cdk5/ p25-expressing SH-SY5Y cells (Fig. 5 E-I) . We then measured the Aβ level in the media of these cells by ELISA. Expression of cdk5/p25 increased both Aβ40 and Aβ42 levels, whereas rescue of Golgi structure by TAT-CIP treatment significantly reduced Aβ40 and Aβ42 production ( Fig. 5 J and K) . Taken together, these results strongly suggest that Aβ accumulation activates cdk5, which phosphorylates GRASP65 and causes Golgi fragmentation.
In addition to phosphorylation, another mechanism known to cause Golgi fragmentation is caspase-mediated cleavage of Golgi structural proteins, including GRASP65 (33), GM130 (34), Golgin 160 (35) , and p115 (28), during apoptosis. Previous studies have shown that p115 levels are reduced by Aβ treatment (13) . However, we detected no cleavage of GRASP65, GM130, Golgin 160, or p115 in AD mouse brain or cells, and found that the levels of other Golgi structural proteins, such as GARSP55 and syntaxin 5, remain unchanged compared with those in the control mice or cells (Fig. S6) . In addition, treatment of AD cells with a pan-caspase inhibitor, Z-VAD, did not rescue the Golgi structure in AD cells. Taken together, these results demonstrate that Aβ-induced Golgi fragmentation occurs through phosphorylation, but not through cleavage or degradation, of Golgi structural proteins.
Three Methods for Rescuing the Golgi Structure in APP-Expressing Cells. Our results so far suggest that Aβ accumulation increases cdk5 activity, which phosphorylates Golgi structural proteins like GRASP65 and causes Golgi fragmentation. If this interpretation is correct, then we should be able to rescue Golgi structure in several ways: by reducing APP expression (Fig. S1 ) and cleavage (Fig. 3) , by inhibiting cdk5 (Fig. 4 and Fig. S4 I-L and Q), and by expressing nonphosphorylatable mutants of GRASP65. To test the latter prediction, we stably transfected AD cells with GFPtagged full-length GRASP65 (p65FL) or GRASP55 (p55FL) or with the respective GRASP domains p65GD and p55GD (Fig.  6 ). GRASP65 localizes and functions on the cis side of the Golgi stack, whereas its homolog GRASP55 stacks medial-to transGolgi in a similar way (26, 36) . Both GRASP domains can form 
(S) Quantitation of P-R. (T-W) TAT-CIP reverses Aβ-induced
Golgi fragmentation in hippocampal neurons. Primary hippocampal neurons were treated with either control peptide (T) or 1 μM Aβ42 for 12 h in the presence of 600 nM TAT-GFP (U) or TAT-CIP (V) added 30 min before Aβ42, stained for GRASP65, and quantified (W). *P < 0.05; **P < 0.01; ***P < 0.001, Student t test.
oligomers but lack essential phosphorylation sites, and thus inhibit mitotic Golgi disassembly during mitosis (26, 32) . Expression of GFP had no effect on the Golgi, whereas p65GD and p55GD expression significantly reduced Golgi fragmentation. Expression of p65FL or p55FL caused a less significant reduction of Golgi fragmentation in cells (Fig. 6 A-F and Fig. S3F ). In this experiment, not all cells expressed the indicated GRASP constructs. The GFP-negative cells in the GRASP dishes also showed less Golgi fragmentation than those in the GFP dish (Fig. S3 G and H) , although to a lesser degree than the transfected cells (Fig. 6 A-F and Fig. S3F ), indicating a possibility that rescue of the Golgi structure by GRASP expression may reduce Aβ production as well.
Rescue of the Golgi Structure by GRASP Expression Reduces Aβ
Production. We next examined how rescue of the Golgi structure in AD cells by GRASP expression affects APP trafficking and Aβ production. On Western blot analysis, expression of GRASP constructs did not decrease APP or PS1 levels in AD cells (Fig. S7 A and B) . Expression of p65GD or p55GD significantly reduced Aβ40 and Aβ42 production as determined by ELISA (Fig. 7 A-D and Fig. S7 C-F) . Compared with GFPexpressing cells, expression of p65GD or p55GD reduced Aβ40 and Aβ42 production by >90%. Expression of full-length GRASP65 or GRASP55 led to a significant, albeit less dramatic, reduction in Aβ40 and Aβ42 production.
To confirm the effect of GRASP expression on Aβ production, we labeled the cells with [ 35 S]methionine/cysteine (met/cys), immunoprecipitated full-length APP from the cell lysate and Aβ from the media, and performed autoradiography and phosphoimaging. As shown in Fig. 7 E and F, expression of p65GD or p55GD significantly reduced Aβ production, but not APP Cdk5 was immunoprecipitated and used to treat His-tagged recombinant GRASP65 in the presence or absence of roscovitine or TAT-CIP. The p25-activated cdk5 (lanes 4 and 5) phosphorylated the recombinant GRASP65 to a greater extent than the nonactivated cdk5 (lanes 2 and 3) or the nontransfected cdk5 (lane 1). Roscovitine (lane 6) and CIP (lanes 7 and 8) significantly reduced GRASP65 phosphorylation. (E-I) Activation of cdk5 by p25 causes Golgi fragmentation and enhances Aβ production. SH-SY5Y cells were transfected with cdk5 (F) and cdk5+p25 (G and H) for 16 h. Cells in H were subsequently treated with 600 nM TAT-CIP for 12 h. Nontransfected cells served as a negative control (E). Cells were stained for GRASP65, and images were quantified (I). (J and K) ELISA measurement of Aβ40 (J) and Aβ42 (K) secretion by the cells described in E-I. Shown are the average results from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001, Student t test.
synthesis. Expression of full-length GRASP proteins also reduced Aβ production, but to a less significant degree.
GRASP Expression Affects APP Trafficking and Promotes α-Cleavage
of APP. We next asked how rescue of the Golgi structure by GRASP expression reduces Aβ production. To determine the effect of GRASP expression on APP trafficking and subcellular localization, we used a sucrose density gradient to fractionate subcellular components. Expression of p65GD significantly increased the amount of APP in the Golgi fractions relative to the denser fractions, presumably the endosomes and plasma membrane ( Fig. 8 A and B) . This accumulation of APP in the Golgi suggests the possibility of slow intra-Golgi and Golgi-to-plasma membrane trafficking.
To further investigate how rescue of the Golgi structure may affect protein trafficking, we tracked the trafficking of the temperature-sensitive mutant of the vesicular stomatitis virus glycoprotein (VSV-G ts045) (37) . To do so, we infected GFP-or A-E for indicated GFP and GFP-tagged proteins using a GFP antibody. Actin served as a loading control. *P < 0.05; **P < 0.01; ***P < 0.001, Student t test. /p65GD) , or the full-length protein (p55FL/p65FL) of GRASP55 or GRASP65 were incubated overnight, after which Aβ40 (A and C) and Aβ42 (B and D) were measured in the media by ELISA. Shown are the average results from three independent experiments. (E and F) Expression of nonphosphorylatable GRASP mutants reduces Aβ production. (E) AD cells transfected with indicated constructs were labeled by 35 S-met/cys for 4 h at 37°C, after which APP in the cell lysate and Aβ in the media were immunoprecipitated and analyzed by SDS/PAGE and autoradiography. (F) Quantitation of E from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001, Student t test.
p65GD-expressing AD cells with adenoviruses encoding VSV-G ts045-GFP at 40.5°C for 16 h and then at 32°C (with CHX to block new protein synthesis), to release VSV-G from the endoplasmic reticulum (ER) to the Golgi. We then treated the samples with endoglycosidase H (EndoH), which removes sugars from the glycoprotein when it is in ER high-mannose form, but fails to do so when VSV-G is further modified by the Golgi sugar transferases. This difference is shown by a band-shift on Western blot analysis and thus can be used to monitor VSV-G trafficking (15) . As shown in Fig. S8 , rescue of the Golgi structure by GRASP65 expression reduced VSV-G trafficking at different time points of release. This result is consistent with our previous finding that disruption of Golgi enhances protein trafficking (14, 15) , in contract to the disruption of GM130 function, which slows trafficking (17) .
To determine the effect of GRASP expression on APP α-cleavage, we treated cells with CHX and tracked APP in the cell and sAPPα secretion into the medium by Western blot analysis. Expression of GRASPs and especially of the GRASP domains significantly increased sAPPα production (Fig. 8C , lane 5 vs. lane 4 and lane 11 vs. lane 10). To confirm this result, we labeled the cells with 35 S-met/cys for 15 min, followed by a chase of different time periods; immunoprecipitated APP from cell lysate and sAPPα from media; and analyzed the precipitates by SDS/PAGE and autoradiography. As shown in Fig. 8D , expression of p65GD significantly increased sAPPα levels in the media. After a 90-min chase, the sAPPα level was 2.5-fold greater in the p65GD-expressing AD cells compared with the GFP cells based on three independent experiments. These results demonstrate that p65GD expression promotes nonamyloidogenic α-cleavage. The finding that APP level in the cells was not decreased by p65GD expression (Fig. 7E and Fig. S7 A and B) suggests that p65GD may reduce β and γ cleavage. Taken together, these results demonstrate that rescue of the Golgi structure by inhibition of cdk5 or by expression of nonphosphorylatable forms of GRASPs reduces Aβ production by shifting APP cleavage toward the nonamyloidogenic pathway.
Discussion
The Golgi is an essential membrane organelle in the trafficking and processing of both APP and its processing enzymes. Golgi defects in AD were reported more than a decade ago, but the underlying mechanism and the biological consequences have remained largely unexplored. In this study, we examined the structural and functional defects of the Golgi in AD mouse and tissue culture models and found that Aβ accumulation by APP expression and processing causes Golgi structural defects that directly affect APP trafficking and processing.
At the molecular level, Aβ accumulation increases cdk5 activity by enhancing the cleavage of p35 and production of p25. 10) . (D) Expression of the GRASP domain of GRASP65 (p65GD) increases sAPPα production. APPswe/PS1ΔE9-cells transfected with GFP or p65GD were pulse-labeled by 35 S-met/cys for 15 min and then chased for the indicated times. APP from the cell lysate and sAPPα from the media were immunoprecipitated using the 6E10 antibody, followed by analysis with SDS/PAGE and autoradiography. Note the increased sAPPα signal in the p65GD cell medium (lane 6 vs. lane 5). (E) Working hypothesis. APP expression and processing cause Aβ accumulation (1), which induces Golgi fragmentation through modification of Golgi structural proteins (2), which in turn increases Aβ production by enhancing amyloidogenic cleavage (3). This deleterious feedback loop would impair the integrity of the secretory pathway and compromise neuronal function; thus, rescue of the Golgi structure and function may reduce Aβ production and thereby delay AD development (4).
Activated cdk5 then phosphorylates Golgi structural proteins and causes Golgi fragmentation, which in turn accelerates APP trafficking and increases Aβ production. This deleterious feedback loop impairs the integrity of the secretory pathway and compromises neuronal functions.
In this respect, our findings reveal Golgi fragmentation as an important mechanism through which Aβ may exert its toxic effects. A major potential unrecognized source of Aβ toxicity may be compromised Golgi integrity and interruption of the proper trafficking and processing of numerous proteins essential for neuronal function. Importantly, we have developed molecular tools to rescue the Golgi structure, which significantly reduces Aβ production (Figs. 5-8) .
We found that Aβ-triggered Golgi fragmentation most likely occurs through phosphorylation rather than degradation of Golgi structural proteins, at least in the early stages. Golgi fragmentation is rapidly reversible, rescued largely by treatment of AD cells with cdk5 inhibitors. It has been proposed that Aβ can trigger Ca 2+ influx (23) . Subsequently, Ca 2+ activates calpain, a Ca 2+ -dependent protease that cleaves p35 to produce the cdk5 activator p25 (24) . We found increased p25 levels in hippocampal neurons treated with Aβ and in AD mouse brains. Previous studies have implicated activated cdk5 in tau hyperphosphorylation (22, 38) . Cdk5 also phosphorylates GM130 in AD (13) . Similar to tau, the GRASP proteins have multiple phosphorylation sites that are phosphorylated by cdk1 during mitosis (32, 39, 40) . Consistently, GRASP65 is phosphorylated in APPswe/PS1ΔE9-expressing cells, which is inhibited by the cdk inhibitors roscovitine and CIP, and activated cdk5 directly phosphorylates GRASP65 in vitro.
Importantly, both inhibition of cdk5 and expression of the nonphosphorylatable GRASP domain of the GRASP proteins were found to rescue the Golgi structure. The GRASP domain has been shown to form oligomers, but it cannot be phosphorylated (29, 41) , and thus its oligomerization cannot be interrupted by activated kinases. These characteristics make the GRASP domain a perfect tool for rescuing the Golgi structure.
In addition to GM130 phosphorylation, previous work also revealed p115 degradation in Golgi fragmentation in AD (13). This does not seem to be the cause in our model systems, given that we detected no reduction in protein levels of p115 or other Golgi structural proteins that we evaluated. Similar to GM130, p115 is involved in membrane tethering; disruption of p115 function also reduces membrane trafficking (42, 43) . However, our results using VSV-G as a marker demonstrated accelerated protein trafficking in cells with fragmented Golgi, whereas rescue of the Golgi structure by GRASP expression reduced protein trafficking (Fig. S8) . These results support our hypothesis that Golgi fragmentation in AD is caused mainly by phosphorylation of the GRASP proteins.
Consistent with our observation that disruption of the Golgi accelerates protein trafficking (14, 15) , rescue of the Golgi led to enrichment of APP in the Golgi, promotes nonamyloidogenic cleavage, and thus reduces Aβ production (Figs. 7 and 8 and Fig.  S7 C-F) . One plausible explanation for this finding is that in the Golgi stacks, vesicles can be generated only from the rims of the cisternae; unstacking or fragmentation of the Golgi increases the surface area for vesicle formation and thus accelerates protein trafficking. It is possible that cells with a compact Golgi structure have reduced trafficking, whereas partial fragmentation of the Golgi enhances protein transport. It has been shown that knockdown of either GOLPH3 or MYO18A results in a compact Golgi structure and reduced trafficking of VSV-G (44) .
Golgi fragmentation has been observed under physiological conditions, such as during migration, on treatment with growth factor, and in neurons with increased neuronal activity (45, 46) , suggesting that Golgi fragmentation may be not an immediate pathological response, but rather a compensatory reaction to allow rapid transport of proteins to their final destinations when the cells are under stress. Golgi fragmentation affects protein glycosylation and sorting (14, 15) , however. In AD neurons, Golgi fragmentation and dysfunction not only may affect trafficking, modification, and processing of APP and its processing enzymes, but also may cause global changes on the cell surface. For example, defects in protein and lipid glycosylation on the cell surface may result in activation of immune cells that recognize these neurons as nonself, and the subsequent inflammatory responses may induce neuronal death. Indeed, infiltration of immune cells and inflammatory responses are often observed in regions where neurons undergo apoptosis in AD. In this respect, our study has expanded the traditional amyloid hypothesis to the defects of the secretory pathway that affect many more proteins essential for neuronal functions.
In addition, Golgi fragmentation and the resulted sorting defects may be the reason why γ-secretase activity has been detected in virtually every membrane organelle. Rescue of the Golgi structure by expression of nonphosphorylatable GRASP proteins shifts APP from amyloidogenic cleavage to nonamyloidogenic cleavage, possibly because of the reduced APP trafficking or the proper sorting of APP and its processing enzymes. This is an interesting topic for further investigation.
The present study identifies the Golgi or Golgi structural proteins as potential drug targets for AD treatment. Given that Golgi fragmentation has been observed in many other diseases besides AD, our findings may contribute to a better understanding of the pathogenesis of related diseases as well.
Materials and Methods
Reagents. APPswe/PS1ΔE9 mice and age-matched C57BL/6J control mice (Jackson Laboratory) were kindly provided by Raymond Scott Turner and Henry Paulson (Michigan Alzheimer's Disease Research Center, Ann Arbor, MI). C57BL/6J mice for hippocampal neuron cultures were bred, maintained, and treated in the University of Michigan's animal facility following a protocol approved by the University's Committee on Use and Care of Animals (UCUCA PRO 00001300). The cdk5-specific inhibitor TAT-CIP and the control TAT-GFP were kindly provided by Kavita Shah (Purdue University, West Lafayette, IN).
Cell Transfection and Biochemical Analysis. To establish stable cell lines, AD cells were transfected with GFP, GFP-tagged p65GD, p65FL, p55GD, or p55FL plasmid. GFP-positive cells were enriched by FACS at 72 h after transfection, cultured for 2 wk, and then enriched again by FACS for stable transfection. Hippocampal neurons were prepared from 1-d-old WT C57BL/6J mice as described previously (47) .
Cell Treatment and Microscopy. Hippocampal neurons from 1-d-old pups were cultured for 3 d in vitro and then, on the fourth day, treated with Aβ as described in the figure legends. Cells were processed for immunofluorescence microscopy. For cdk5 activation, hippocampal neurons were treated with DMSO or 2 μM Aβ42 for 20 h. Cells were lysed in SDS and evaluated by Western blot analysis.
For kinase inhibitor treatment, CHO AD cells were cultured for 12 h. Staurosporine (1 μM) and roscovitine (15 μM) were directly added into the medium, followed by incubation for another 2 h and then processing for immunofluorescence microscopy. For TAT-CIP treatment, TAP-CIP or the equivalent concentration of TAT-GFP, as indicated in the figure legends, was added directly to the tissue culture medium of AD cells. When cells were treated with both TAP-CIP and Aβ, TAP-CIP was added 30 min before Aβ treatment.
For quantitation, fragmented Golgi was defined as scattered dots (not connected) in the perinuclear region or multiple mini-Golgi (isolated dots) dissociated from the major Golgi apparatus. A gallery of AD cells and hippocampal neurons with normal and fragmented Golgi is displayed in Fig. S9 . For the critical experiments, we also quantified the number of Golgi elements per cell using ImageJ software (30) ; results are shown in Fig. S3 . Quantification was performed using more than 300 cells per experiment. Results are presented as mean ± SEM from three independent experiments (n = 3).
GRASP65 Phosphorylation. For examining whether Aβ accumulation in the cell culture medium causes GRASP65 phosphorylation, AD cells stably expressing GFP-tagged GRASP65 WT protein (p65FL) were cultured overnight, placed in fresh growth medium with 4 μM Aβ42, and then incubated for another 10 h. PBS or the control peptide served as a control. For kinase inhibition, cells were treated with roscovitine for an additional 2 h in the presence of Aβ42. For TAT-CIP treatment, cells were pretreated with 600 nM TAT-CIP or TAT-GFP for 30 min, Aβ42 was added, and the cells were incubated for another 12 h. Cells were lysed and evaluated by Western blot analysis using antibodies for phospho-GRASP65 (LX108) or total GRASP65 (Mary) (32, 48) .
Online Supplemental Information. Online supplemental materials include SI Materials and Methods, along with nine figures. Fig. S1 shows that inhibition of APP expression by CHX reduces Golgi fragmentation. Fig. S2 shows that treatment of WT cells with secretase and kinase inhibitors does not affect Golgi morphology. Fig. S3 shows the number of Golgi items (or fragments) per cell after different treatments, another method of quantifying Golgi fragmentation. It also presents quantitation results for the GFP-negative cells shown in Fig. 6 . Fig. S4 shows that AD cell-conditioned medium induces Golgi fragmentation in WT cells, and that the effect is time-dependent and inhibited by kinase inhibitors. Fig. S5 shows that GRASP65 is phosphorylated in AD cells, and Fig. S6 shows that Golgi proteins are not degraded in AD cells and mouse tissues. Fig. S7 shows that GRASP expression reduces Aβ production, but not APP and PS1 levels, in the cell. Fig. S8 shows that rescue of the Golgi structure reduces VSV-G trafficking in AD cells. Fig. S9 presents a gallery of AD cells and hippocampal neurons with normal or fragmented Golgi.
